The importance and demand of renewable energy have increased rapidly, especially due to the fact that the fossil fuels are reducing at an alarming rate. Out of the existing sources of renewable energies, solar energy has been very popular due to obvious abundance and convenience. The predominant use of electrical energy is heating, ventilation and air conditioning in residential and industrial sector. Single phase induction motor is widely used for such low-power appliances like pumps, compressors, agriculture equipment's and blowers. In order to avoid losses and low-starting torque, we intend to use the single-phase induction motor as an asymmetrical two-phase induction motor, which will run on a two-phase supply yielding better efficiency, speed control and power factor. If a three-phase supply is available, Scott-T transformer can be used to get two-phase supply. However, if there is only single-phase supply available, two-phase inverter with Sine Pulse Width Modulation (SPWM) technique can be used. This paper presents the method for twophase supply using the 3-leg voltage source inverter (VSI) which is used to supply asymmetrical and symmetrical two-phase induction motor. The 16 bit microcontroller dsPIC is used for SPWM signal generation.
Introduction
Single-phase induction motor is the most widely used motor in home appliances, agricultural equipment, pumps, compressors, blowers and industries for low-power applications. This motor is widely adopted for domestic applications because it uses single-phase AC source with constant frequency which is easily available. In domestic applications, it is used with great advantages, but its performance is menial compared to the poly-phase induction motor due to low-rated power, zero starting torque and high torque harmonics [1, 2] .
Two different techniques are used to control single-phase induction motor: scalar control and vector control. In scalar control technique, two parameters are changed simultaneously. The speed can be varied by changing the supply frequency, but this causes changes in the impedances which result in changes in the current. If the current is small, torque developed by the motor decreases. If the frequency decreases or the voltage increases, the coils may burn or saturation may occur in the iron of coils. To avoid these problems, it is necessary to vary the voltage and frequency at the same time. Scalar control is a more economical and simpler technique, but it gives unsatisfactory performance of the drives with dynamic behavior and slow transient response. In vector control, it is possible to control two parameters independently and satisfy the requirements of dynamic behavior of the drives. Its main drawback is complexity and higher cost. Vector control of three-phase induction motor is easy as compared to single phase-phase induction motor, because single-phase induction motor has different parameters of both the windings (i.e., main and auxiliary winding) [3, 4] .
In the proposed system, we have designed symmetrical and asymmetrical twophase induction motors. In symmetrical two-phase induction motor, parameters of both the windings are same, while they are different in case of asymmetrical motor. For this study, we used scalar control for both symmetrical and asymmetrical motors. However, vector control of symmetrical two-phase motor can be simple and more accurate and should be preferred over scalar method for better dynamic performance in actual industrial applications [5] . Performance of single-phase induction motor is improved by using voltage source inverter (VSI), and we should use the single-phase induction motor (SPIM) as an asymmetrical two-phase induction motor (TPIM) by removing capacitor. Two-phase motor can be introduced in the place of single-phase induction motor with additional advantages such as more efficiency, better power factor and better speed control. There is no need to replace the existing single-phase motor, because it can be tweaked to work as two-phase motor to improve the performance of the drive by removing capacitor connected in the circuit and fed by two-phase supply. Two-phase supply can be generated with the help of three-phase supply and Scott-T transformer. But for the domestic applications, household single-phase supply is already available. So either conversion of supply to three-phase is needed or any other suitable setup is required. This complexity can be reduced with the help of microcontroller. This paper presents the method to get two-phase supply using the 3-leg VSI, which is used to power asymmetrical and symmetrical two-phase induction motor. A dsPIC microcontroller [6] is used to generate Sine Pulse Width Modulation (SPWM) switching signal for running the two-phase induction motor and controlling the speed of motor. The control is performed by SPWM technique with voltage source inverter and tested by open loop control.
Two-phase Supply
The simple method to obtain two-phase supply is by using the Scott-T transformer from conventional three-phase supply. The Scott-T is made by two different single-phase transformers with different tapping ratios. The connections are made in such manner that Scott-T transformer gives two single-phase outputs which are called as Main output and Teaser output. The Main and Teaser output are 90º out of phase [7] . Connections consist of 1:1 center-tapped ratio of Main transformer T1, and 86.6% ratio of Teaser transformer T2. The center-tapped side of T1 transformer is connected between two of the phases in the three-phase side. Centre tap is then connected to one end of higher turn side of T2, and the other ends to remaining phases [8] . The remaining side of transformers T1 and T2 is the side at which two-phase output is obtained and two-phase motor can be connected [7] . Two-phase induction motor is connected between phase-1 and phase-2. But these types of supply cause imbalance in the system side due to power quality issues. The devices are sensitive to the power quality connected in the system and can cause maloperation. Also in the household applications, the three-phase supply is not available as per requirement of above circuitry. With respect to industrial applications, the high cost of Scott-T transformer is a concern. Thus, more efficient and low cost technique to obtain two-phase supply is by using micro-controller.
Modeling of Two-phase Induction Motor
Single phase induction motors are constructed in the form of two-phase motors, with two stator windings in space quadrature [8] . The main and auxiliary windings are quite different in the following aspects: different turns, wire size and turns distributions. These differences cause unbalanced winding currents. Under balanced operating conditions, a symmetrical two-phase motor can be analyzed using technique for threephase motors with slight modification [9] .
Under unbalanced conditions, the stator-mmf wave travels 90º in space in a time interval corresponding to a 90º phase change of applied voltage, with the direction of travel depending on the phase sequence of the currents.
Mathematical model of two-phase induction motor is given below, Assume a sinusoidal distribution of air gap flux, the mutual inductance between the main winding and the rotor is
L a,r2 (θ me ) = L a,r cos(θ me ) (5) L a,r = aL a,r (6) Self-inductance of the magnetizing branch can be written as the sum of leakage inductance ,1 and a magnetizing inductance
Then the self-inductance of the auxiliary winding can be written as
The voltage equations for this machine can be written in terms of the winding currents and flux linkage as
where R m , R a, and R r are the resistances of the main, auxiliary and rotor windings, respectively. Electro-magnetic torque of the motor can be written as 
where
] θ me is the rotor angle in radians.
Assuming steady-state operation, with constant mechanical speed w me , corresponding to slip s and constant supply frequency w e . Using above assumption, the rotor currents will be at frequencies w r = w e -w me = sw me (produced by the stator positive-sequences field) and w r = w e + w me = (2 − s)w me (produced by the stator negative-sequences field).
Using equation (11) and (12) to eliminate the rotor currents, the main and auxiliary-winding flux-linkage/current relationships of equation (1) can be written as The voltage equations using equation (9) and (10) 
The rotor currents consist of positive and negative-sequence components. The complex amplitudes of the positive-sequence and negative-sequence components at frequency sw e and (2 − s) w e , respectively, are given by 
Equivalent Circuit of Two-Phase Induction Motor
The TPIM equivalent circuit models take into account core loss representing with ( ) in parallel across the forward and backward field impedances as shown in Fig. 1 [9] . Design of the induction motor model depends on determination of the parameters. The parameters can be determined by performing direct current test, no-load test and locked rotor test on the motor. 
The main winding voltage and current equations of the circuit are V m = V 1m + E 2m (29)
Similar to main winding, impedance of the auxiliary winding is given by the following equations. 
The main winding voltage and current equations of the circuit are, V a = V 1a + E 2a (36)
V a = aV m (38) Referring to the equivalent circuit, power loss equation can be written as P cus = P cum + Pcu a = I m 2 R 1m + I a 2 R 1a (39)
where P cus and P c are the stator copper loss and core loss.
Inverter Circuit
The block diagram of proposed system is shown in Fig. 2 . The single-phase AC supply can be converted to DC by simply using bridge rectifier and filter circuitry. The 3-leg voltage source inverter is used to convert DC to two-phase AC supply. The 3-leg voltage source inverter consists of six insulated-gate bipolar transistor (IGBT) switches. The switching pulses for the IGBT are obtained by dsPIC micro-controller. The SPWM is used as modulation technique for IGBT. By using the inverter, the TPIM can be made to operate over a wide range of speed by adjusting the frequency [5] . Fig. 2 shows the proposed system, in which 3-leg voltage source inverter is connected to two-phase induction motor that is developed in the core of single-phase induction motor [8] . The 3-leg voltage source inverter is used for conversion of DC to AC by using sinusoidal pulse width modulation (SPWM) technique. A dsPIC microcontroller is used to generate switching pulses for the switches of the inverter by using SPWM technique. With the advent of renewable energy resources, photovoltaic (PV) array is often considered as the best power source for DC supplies. The DC input to the inverter can be given by a solar panel through boost converters. The connected system can have various applications like solar based water pumping system, cooling system and many others. For this study, it is necessary to obtain higher voltage for threeleg VSI driving TPIM with rated flux. Therefore, a boost converter can be included to achieve sufficient DC link voltage and increase the system efficiency [10] . 
Proposed System

Two-Leg Voltage Source Inverter
The two-leg two-phase inverter connected to two-phase Induction Motor, it consists of 4 switches with 2-leg inverter and center tapped capacitor supplied with DC supply [11, 12] . DC supply is either fed from solar panel with the help of boost converter or with the help of diode rectifier fed from single-phase AC supply. SPWM pulses fed to second leg has phase shift of 90⁰. Main winding and auxiliary winding of two-phase induction motor are fed from two legs of two-phase voltage source inverter. The neutral or common is given to capacitor link.
Many researchers have worked on the 2-leg voltage source inverter but practically it has its own problem of total harmonic distortion of current. The output voltage obtained at phases of two-phase induction motor in case of 2-leg inverter is lower, which results in lower efficiency of motor.
Three-Leg Voltage Source Inverter
The modern technique is to use 3-leg voltage source inverter 3-leg voltage source inverter is constructed as shown in Fig. 2 [1] . The inverter consists of 6 IGBT switches. Two switches and two diodes are used for a boost rectifier for power factor correction, and the other four switches and four diodes are used for the 2-leg inverter. Such circuits have been applied to compact SPIM drives to improve the input power factor and reduce the output voltage harmonics. A 3-leg voltage source inverter providing two-phase outputs is increasingly attractive for two-phase drive applications due to good dc voltage utilization. When compared with the 2-leg voltage source inverter for a two-phase induction motor, the 3-leg voltage source inverter offers reduction in the motor current ripple and more or less 20% higher output phase voltages. Also, the problem of unbalanced voltages across two DC-link capacitors is absent for the 3-leg voltage source inverter.
The voltages V a0 , V b0 and V c0 are defined by following equations, 
Gate Driver Circuit
The Gate driver circuit consists of main parts [6] circuit and IGBT switches. In this way, the gate pulse magnitude with voltage nearly equal to 14.5 volt is given to IGBT for its operation. The grounding of 15 volt supply for optocoupler TLP250, switches S1 and S4, S3 and S6, S5 and S2 should not be same, otherwise it would result in short-circuit. The grounding for switch S4, S2 and S6 can be made common for 15 volt DC. Single-phase supply is given to the rectifier, which is easily available in households and small factories. The rectifier converts it to DC and feds DC supply to 3-leg two-phase inverter which converts it into two-phase AC supply. The IGBT switches are used in the inverter for switching, whose switching pulses are fed from dsPIC microcontroller IC.
Experimental Setup
Results
The switching pulses for upper switches S1, S3 and S5 are given in Fig. 4 and obtained with the help of the dsPIC microcontroller. The complementary pulses are given to S4, S6, and S2, respectively. The phase shift of 90 0 is obtained between two windings. Table 1 shows the readings of asymmetrical induction motor with and without capacitor. Table 2 shows the readings of symmetrical induction motor with and without capacitor. The experimental results shown in Table 1 and Table 2 indicate that the performance of symmetrical two-phase motor is satisfactory as compared to asymmetrical motor without capacitor.
The total costing was estimated from two conversion methods. It is clear that twophase supply with 3-leg voltage source inverter system is very economical and efficient technique with huge difference of approximately $22 than conventional Scott-T transformer system as shown in Table 3 . 
Conclusion
In the developing countries, the motor pumps consume substantial portion of total electricity. Single-phase induction motor is commonly used in household, industries and agriculture for pumping purpose. Same single-phase induction motor can be upgraded to two-phase motor by the technique described in this paper. The use of two-phase induction motor gives high starting torque, variable speed and high rated power. The two-phase mode of operation achieves increased rated torque causing more power in the same frame size and higher efficiency resulting in less running cost. By using a 3-leg voltage source inverter for obtaining two-phase supply, the supply for motor can be obtained more economically and efficiently.
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